STUDY QUESTION: Is diethylstilbestrol (DES), a prototypical endocrine-disrupting chemical (EDC), able to induce physiological changes in human spermatozoa and affect progesterone actions?
Introduction
The increase in rates of male infertility worldwide is thought to be closely related to environmental pollution (Auger et al., 2001) . Endocrine-disrupting chemicals (EDCs) are the major pollutants influencing male reproductive health by interfering with normal endocrine functions (Daston et al., 1997) . Diethylstilbestrol (DES), a prototypical EDC and environmental estrogen, is a synthetic non-steroidal estrogen that was originally used to prevent miscarriage and premature deliveries in pregnant women (Newbold, 2008) . Because it has toxic effects on the reproductive systems of both the mother and her offspring, the use of DES for pregnancy support was banned (Hoover et al., 2011) . Nevertheless, DES continues to be used to treat prostate and breast cancers (Bosset et al., 2012) . It was also frequently used in nonmedical applications such as cosmetics, lotions and shampoo and as a growth promoter in livestock feed that was present as a contaminant in food sources (Patisaul and Adewale, 2009 ). Therefore, a significant source of DES exposure to humans may be present in daily life, and DES may accumulate in the body and affect human health.
Early epidemiological investigations and laboratory research have demonstrated the long-term male reproductive toxicity of DES. In utero exposure to DES decreases fertility by causing multiple reproductive tract abnormalities, including testicular hypoplasia, cryptorchidism, hypospadias, epididymal cysts, inhibition of gubernaculum development, tumors of the rete testis and interstitial cells and impaired spermatogenesis (Whitehead and Leiter, 1981; Fielden et al., 2002; Klip et al., 2002) . In addition to the toxicity of in utero exposure, postnatal exposure to DES also causes male reproductive defects (Wilcox et al., 1995; Visser et al., 1998) . In male rats that had been administered a DES (8-1000 μg per day) injection for 12 days, the relative weight of the epididymis, sperm numbers and sperm motility parameters were significantly reduced (Goyal et al., 2001) . In hamsters, the testicular weight and seminiferous tubular area were decreased after 1 mg/kg DES injections for 1 week, and increased oxidative stress resulted in spermatogenic cell apoptosis (Ma et al., 2008) . The longterm effect of DES on the male reproductive system has been elucidated both in fetal and postnatal exposure. However, the effect of DES on human spermatozoa remains unclear.
Recently, the non-genomic actions of EDCs on mammalian spermatozoa have been studied by many researchers (Tavares et al., 2016) . Various EDCs increase human spermatozoa intracellular calcium concentrations ([Ca 2+ ] i ) by activating the cation channel of sperm (CatSper) and affecting Ca 2+ -related sperm functions (Schiffer et al., 2014) . Interestingly, the effects of EDCs on human spermatozoa are quite similar to progesterone, an important product of the oviduct secreted from cumulus cells. In humans, progesterone stimulates Ca 2+ influx by activating CatSper and consequently induces Ca 2+ -related sperm functions including capacitation, chemotaxis, hyperactivation and the acrosome reaction (Lishko et al., 2011; Strünker et al., 2011) . Although various EDCs can compete with progesterone for CatSper activation (Schiffer et al., 2014) , the effect of EDCs on progesteroneinduced human sperm functions remains unclear. Therefore, the present study aimed to examine the in vitro effect of DES on human spermatozoa and elucidate whether DES disturbs progesterone actions, thus potentially affecting human male fertility. The results may provide new insight into a non-genomic mechanism by which estrogenic endocrine disruptors impair male fertility.
Materials and Methods

Chemicals
Human tubal fluid (HTF) medium, human serum albumin (HSA) and antiphosphotyrosine monoclonal antibody 4G10 were purchased from Merck Millipore Corporation (Billerica, MA, USA). The mouse anti-GAPDH monoclonal antibody was obtained from Proteintech Group, Inc. (Wuhan, China). The horseradish peroxidase-conjugated goat anti-mouse IgG secondary antibody was from Thermo Fisher Scientific (Waltham, MA, USA). Fluo-4 AM and Pluronic F-127 were obtained from Molecular Probes (Eugen, OR, USA). DES, mibefradil, progesterone (P4), methylcellulose, chlortetracycline (CTC) hydrochloride, phosphatase inhibitor cocktail, protease inhibitor cocktail and bovine serum albumin were obtained from Sigma Chemical Co. (St. Louis, MO, USA).
Ethical approval
The collection of semen samples and experiments in this study were approved by the Institutional Ethics Committee on human subjects of Jiangxi Maternal and Child Health Hospital.
Sperm sample collection and treatments
Semen samples were obtained by masturbation after 3-5 days of sexual abstinence from healthy donors who had reproductive history during the preceding 2 years and normal sperm quality according to the World Health Organization laboratory manual for the examination and processing of human semen (http://www.who.int/reproductivehealth/publications/ infertility/9789241547789/en/). After liquefaction, the spermatozoa were purified by direct swim-up in high-saline (HS) solution (135 mM NaCl, 5 mM KCl, 1 mM MgSO 4 , 2 mM CaCl 2 , 20 mM HEPES, 5 mM glucose, 10 mM lactic acid and 1 mM Na-pyruvate at pH 7.4 with NaOH) as the non-capacitating medium or HTF/HSA medium (a capacitating medium containing 25 mM NaHCO 3 and 3% HSA) as described previously (Luo et al., 2015) . These mediums can also mimic the ionic environments in the male or female reproductive tract. In this study, we set a range of concentrations (10 pM-100 μM) to examine the effect of DES on ejaculated human spermatozoa based on the concentrations of DES detected in surface water from various locations (up to 100 pM) and in the plasma (25 nM) of patients who received three times daily treatments of 1 mg DES (Kemp et al., 1981; Lei et al., 2016) . Thus, the spermatozoa were resuspended in HS or HTF/HSA medium containing different concentrations of DES and incubated at 37°C in a 5% CO 2 incubator for different times according to the experimental protocols.
Assessment of sperm viability and motility
Sperm suspensions were treated with different concentrations of DES for 1 h in HS medium (a non-capacitating medium) and for 4 h in HTF/HSA medium (capacitating medium), which represent non-capacitating and capacitating stages, respectively. Sperm viability was determined by eosinnigrosin staining kits (Nanchang Royo Biotech Co. Ltd., Nanchang, PR China) according to the user manual. The heads of dead spermatozoa were stained red, while viable spermatozoa were not stained. Sperm motility was measured by a computer-assisted sperm analysis (CASA) system (WLJY-9000, WeiLi. Co., Ltd., Beijing, China). After incubation, an aliquot of 10 μl of each sperm sample was transferred to a sperm-counting chamber (Sefi-Medical Instruments Ltd., Haifa, Israel) and sperm motility parameters including total motility, progressive motility, curvilinear velocity (VCL) and straight-line velocity (VSL) were recorded. At least, 200 spermatozoa were counted for each assay.
Measurement of sperm [Ca
The change of human sperm [Ca 2+ ] i was measured using the fluorescent Ca 2+ indicator Fluo-4 AM with the EnSpire ® Multimode Plate Reader (PerkinElmer, Waltham, MA, USA) as previously described (Strünker et al., 2011) . To evaluate the effect of DES on [Ca 2+ ] i , human spermatozoa were exposed to different DES concentrations diluted in HS. To further examine whether CatSper was involved in the DES effect on human sperm [Ca 2+ ] i , 6 mM 1,2-bis (o-aminophenoxy) ethane-N,N,N′,N′-tetraacetic acid (BAPTA)-buffered HS medium or 30 µM CatSper blocker mibefradil were added before DES treatment. Moreover, to determine the effect of DES on progesterone-stimulated [Ca 2+ ] i influx, two methods were used: first, human spermatozoa were pretreated with DES for 30 min, then 1 µM progesterone was added; second, DES and progesterone were added together to test the change in sperm [Ca 2+ ] i . The change of sperm [Ca 2+ ] i was calculated by ΔF/F 0 (%) indicating the percent (%) of fluorescent changes (ΔF) normalized to the mean basal fluorescence before the application of any chemicals (F 0 ). ΔF/F 0 (%) = (F − F 0 )/F 0 × 100%, F indicates the fluorescent intensity at each recorded time point.
Sperm patch-clamp recordings
The whole-cell patch-clamp technique was applied to record human sperm CatSper and the alkalinization-activated sperm K + channel (KSper) currents as previously described (Lishko et al., 2011; Zeng et al., 2011) . Seals were formed at the sperm cytoplasmic droplet or the neck region by a 15-30 MΩ pipette. Then, the transition into whole-cell mode was made by the application of short (1 ms) voltage pulses (400-650 mV) combined with light suction. The currents were stimulated by 1 s voltage ramps from −100 to +100 mV from a holding potential of 0 mV. For recording the monovalent current of CatSper, divalent-free (DVF) solution (150 mM NaCl, 20 mM HEPES, and 5 mM EDTA, pH 7.4) was used to record basal CatSper monovalent currents. Then, 10 µM DES, 1 µM progesterone and 
Penetration of artificial viscous media
The examination of human sperm penetration into viscous media (1% methylcellulose) was performed as previously described (Alasmari et al., 2013) . The methylcellulose was prepared using HTF/HSA medium and introduced into 7.5-cm flattened capillary tubes with 1.0-mm inner depth (Elite Medical Co., Ltd., Nanjing, China). Before penetration, human spermatozoa were capacitated in HTF/HSA medium containing different concentrations of DES for 4 h. To determine the effect of DES on progesterone-induced sperm penetration ability, the spermatozoa were capacitated in HTF/HSA medium for 4 h and capacitated spermatozoa were pretreated with DES for 30 min before 10 μM progesterone was added. Then, the open ends of the capillary tubes were inserted. Following 1 h of incubation, the tubes were removed, wiped and observed using a CASA system. Three fields at 1 and 2 cm from the base of the tube were counted, and the average number of cells per field was calculated. The cell numbers were normalized to values from parallel, untreated controls.
Evaluation of the acrosome reaction
The acrosome reaction of human spermatozoa was detected by CTC staining as previously described (DasGupta et al., 1993) . To determine the effect of DES on the spontaneous acrosome reaction, human spermatozoa were treated with different concentrations of DES in HTF/HSA medium for 4 h. To evaluate the effect of DES on progesterone-induced acrosome reaction, human spermatozoa were first capacitated in HTF/HSA medium for 4 h, then pretreated with DES for 30 min before 20 μM progesterone was added, and incubated an additional 1 h. After CTC staining, human spermatozoa were imaged with a Leica DM2500 Upright Fluorescence Microscope (Leica Microsystems, Wetzlar, Germany). The absence of fluorescence from the head is characteristic of acrosome-reacted sperm. A total of 200 spermatozoa were counted to evaluate sperm acrosome reaction.
Tyrosine phosphorylation analysis
To examine DES effects on the level of tyrosine phosphorylation, human spermatozoa were treated with different concentrations of DES in HTF/ HSA medium for 4 h. To examine DES effects on progesterone-induced tyrosine phosphorylation, human spermatozoa were first capacitated in HTF/HSA medium for 4 h, then pretreated with DES for 30 min before 20 μM progesterone was added, and incubated an additional 1 h. Tyrosine phosphorylation was examined by western blotting using antiphosphotyrosine antibody according to Luo et al. (2015) .
Statistical analysis
Data are expressed as the mean ± SEM. Differences between the controls and the treated samples were assessed using one-way ANOVA. Statistically significant differences were determined at P < 0.05 using the statistical software GraphPad Prism (version 5.01, GraphPad Software, San Diego, CA, USA).
Results
DES increases human sperm [Ca
2+
] i via extracellular Ca 2+ influx DES had no effect on viability and motility parameters including total motility, progressive motility, VCL and VSL in both the noncapacitating stage (in HS for 1 h) and capacitating stage (in HTF/HSA for 4 h, Supplementary Table SI) . However, it caused a transient increase in sperm [Ca 2+ ] i in a dose-dependent manner, followed by a gradual reduction in [Ca 2+ ] i to near resting levels (Fig. 1A) . According to the statistical analysis, DES significantly increased sperm [Ca 2+ ] i even at environmentally relevant concentrations (100 pM) (Fig. 1B) . The elevated [Ca 2+ ] i was intensified with increased DES concentrations up to 100 µM, at~80% of control values (Fig. 1B) . ] o rapidly adjusted to <50 nM (BAPTA, Fig. 1C and D) and 100 µM DES did not cause an increase of sperm [Ca 2+ ] i at this [Ca 2+ ] o (DES + BAPTA, Fig. 1C and D) . These results indicate that DESinduced human sperm [Ca 2+ ] i is due to extracellular Ca 2+ influx.
DES enhances human sperm CatSper currents
In this study, we found that DES increases human sperm [Ca 2+ ] i via extracellular Ca 2+ influx (Fig. 1) . In human spermatozoa, CatSper is the predominant Ca 2+ channel responsible for Ca 2+ influx (Hildebrand et al., 2010; Williams et al., 2015) . Therefore, it is reasonable to determine whether CatSper is involved in the DES-induced intracellular Ca 2+ response. Thirty µM mibefradil, a CatSper blocker, significantly impaired the DES-induced Ca 2+ response (P < 0.001, Supplementary Fig. S1A and B) although mibefradil itself could cause a slight increase in [Ca 2+ ] i ( Supplementary Fig. S1A and B) as described by Strünker et al. (2011) . These results imply that CatSper may be involved in DES-induced increase in sperm [Ca 2+ ] i . To confirm this, the whole-cell patch-clamp technique was applied to examine the effect of DES on CatSper currents. The results showed that 10 µM DES increased both outward and inward monovalent CatSper currents ( Fig. 2A) . Statistical analysis of mean currents at +100 and −100 mV showed that DES increased absolute value of currents from 95.5 to 143.1 pA (P < 0.05) and 44.5 to 70.5 pA (P < 0.05), respectively (Fig. 2B) . Additionally, it was reported that the driving force for Ca 2+ entry via CatSper can be increased by hyperpolarization when activation of KSper, the predominant K + channel in mammalian spermatozoa (Navarro et al., 2007) . Meanwhile, the mibefradil, which we used to inhibit CatSper, also blocks KSper current (Mansell et al., 2014) . Therefore, we further examined the effect of DES on KSper and found that 10 µM DES did not change KSper current ( Fig. 2C and D) although it significantly increase CatSper current (P < 0.05, Fig. 2B ). These results indicate that DES increases human sperm [Ca 2+ ] i mainly by activating the CatSper channel.
DES affects progesterone-stimulated Ca
2+ influx
It is well known that progesterone increases human sperm [Ca 2+ ] i through activating CatSper (Lishko et al., 2011; Strünker et al., 2011; Miller et al., 2016) . In this study, we found that DES increased human sperm [Ca 2+ ] i in a similar manner to progesterone (Figs 1 and 2 ).
Thus, we further examined whether DES affects progesteroneinduced Ca 2+ signaling. Human spermatozoa were pretreated with different concentrations of DES for 30 min, which caused a transient increase in [Ca 2+ ] i in a dose-dependent manner, followed by a gradual reduction in [Ca 2+ ] i to near resting levels (Fig. 3A) . Subsequently, 1 µM progesterone was added and the results showed that progesterone-induced [Ca 2+ ] i rise was inhibited by DES in a dosedependent manner (Fig. 3A and B) . Furthermore, we compared the amplitude of [Ca 2+ ] i induced by DES and progesterone alone or combined. The results showed that the 100 µM DES-and 1 µM progesterone-induced Ca 2+ responses were 74.2% and 94.2%, respectively ( Fig. 3C and D) . The Ca 2+ response induced by the combination of DES and progesterone was 99.0% ( Fig. 3C and D were obviously lower than the sum of the separate activations caused by the two chemicals ( Fig. 3E and F) .
DES inhibits progesterone-induced human sperm functions
Progesterone activation of CatSper to increase [Ca 2+ ] i has been proposed to control hyperactivation and the acrosome reaction. Thus, we next examined whether DES affects progesterone-induced human sperm functions. The ability of human spermatozoa to penetrate into artificial viscous media, which mimics the viscous environment in the female reproductive tract, is a comprehensive evaluation of sperm motility, especially hyperactivation (Alasmari et al., 2013) . We found that 10 µM progesterone increased the mean cell numbers both at 1 and 2 cm from the base of the tube compared to the controls (Fig. 4A  and B ). This action can be significantly inhibited by 1-100 µM DES (Fig. 4A and B) . Moreover, DES (1-100 µM) can also inhibit 20 µM progesterone-induced acrosome reaction (Fig. 4D) . In contrast, DES itself had no effect on sperm penetration through viscous media and the spontaneous acrosome reaction (Fig. 4A-C) .
DES lowers progesterone-induced tyrosine phosphorylation in human spermatozoa
While DES increases [Ca 2+ ] i through the activation of CatSper (Figs 1  and 2 ), unlike progesterone it did not affect human sperm functions including motility, penetration ability and the spontaneous acrosome reaction (Fig. 4A-C) . We hypothesized that DES and progesterone may affect human sperm functions through different intracellular signaling pathways, although they may utilize similar pathways to increase human sperm [Ca 2+ ] i . In mammalian spermatozoa, intracellular tyrosine phosphorylation is a universal modification pattern and serves as an important regulator of sperm function (Urner and Sakkas, 2003; Naz and Rajesh, 2004) . Previous studies have reported that progesterone can increase the level of tyrosine phosphorylation in human spermatozoa (Sagare-Patil et al., 2012) . Therefore, we tested the effect of DES on human sperm intracellular protein tyrosine phosphorylation. We found that DES did not affect the level of tyrosine phosphorylation ( Fig. 5A and B) . However, 1-100 µM DES dose dependently inhibited progesterone-induced tyrosine phosphorylation ( Fig. 5C and D) .
Discussion
Although the long-term reproductive toxicities of DES are notorious, the in vitro effect of DES on mammalian spermatozoa remains unknown. In this study, we found that DES significantly disturbed progesterone-induced Ca 2+ signaling, tyrosine phosphorylation, ability to penetrate into viscous media and the acrosome reaction in human spermatozoa. These results suggest that DES may affect male reproduction once it accumulates in the environment of spermatozoa, such as the seminal plasma and female reproductive tract fluids. Our findings demonstrate how DES may increase the risk of infertility in those who have had prolonged exposure to DES-polluted areas or accept DES therapies in the clinic. The inhibitory effects of DES on progesterone-induced human sperm functions were similar to 17β-estradiol which was reported to suppress progesterone-induced sperm hyperactivation and acrosome reaction (Baldi et al., 2000; Fujinoki, 2010 ] i rise in human spermatozoa by activating the CatSper channel. This rapid nongenomic action of EDCs exposure is regarded to be the underlying mechanism to influence human sperm functions (Tavares et al., 2013; Schiffer et al., 2014) . However, our results showed that DES itself did not affect sperm motility, penetration into viscous media and the spontaneous acrosome reaction. These results were apparently not consistent with the previous report that activation of CatSper by several EDCs and progesterone promotes human sperm hyperactivation and acrosomal exocytosis (Lishko et al., 2011; Strünker et al., 2011; Schiffer et al., 2014) . Interestingly, other cases like DES effects have been also reported previously. For example, bourgeonal, an odorant, did not affect spontaneous acrosome reaction although it activated CatSper (Spehr et al., The effect of DES on progesterone-induced acrosome reaction. Human sperm were first capacitated in HTF/HSA for 4 h, then treated with different concentrations of DES for 30 min and 20 μM progesterone was added and incubated an additional 1 h. The vehicle (0.1% dimethylsulfoxide) acted as a negative control. Bar: mean ± SEM. *P < 0.05, **P < 0.01 and ***P < 0.001, n = 8. HTF, human tubal fluid; HSA, human serum albumin.
2004). The p, p′-dichlorodiphenyldichloroethylene, an environmental endocrine disruptor, had no effect on spontaneous acrosome reaction within 1 day incubation but it activates CatSper in a few minutes (Tavares et al., 2013) . These results implicate that activation of CatSper by some chemicals does not influence human sperm function. Although Ca 2+ signaling mediated by CatSper plays a vital role in regulation of human sperm functions, the downstream intracellular signaling pathways dependent/independent Ca 2+ signaling mediated by CatSper are also involved (Torres-Flores et al., 2008; Fujinoki, 2013; Sagare-Patil et al., 2013) . Previous studies showed that tyrosine phosphorylation is an important event in modulating human sperm functions (Urner and Sakkas, 2003; Naz and Rajesh, 2004) . Interestingly, we found that progesterone can enhance tyrosine phosphorylation in human spermatozoa but DES cannot activate this process. These results imply that progesterone regulates sperm functions by tyrosine phosphorylation of related proteins in addition to activating CatSper. However, DES cannot affect sperm functions when only activating CatSper. Although both DES and progesterone increase [Ca 2+ ] i by activating CatSper, only progesterone can stimulate the downstream signaling pathways to modulate tyrosine phosphorylation of sperm function-related proteins. These theories may be the possible explanations for the different effects between DES and progesterone on human sperm function.
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